Abstract: We characterise THz output of lateral photo-Dember (LPD) emitters based on semi-insulating (SI), unannealed and annealed low temperature grown (LTG) GaAs. Saturation of THz pulse power with optical fluence is observed, with unannealed LTG GaAs showing highest saturation fluence at 1.1 ± 0.1 mJ cm −2 . SI-GaAs LPD emitters show a flip in signal polarity with optical fluence that is attributed to THz emission from the metal-semiconductor contact. Variation in optical polarisation affects THz pulse power that is attributed to a local optical excitation near the metal contact.
Introduction
Terahertz emission from the photo-Dember (PD) effect arises from the differing mobilities of holes and electrons within a semiconductor [1] . An ultra-fast laser pulse generates carriers at the surface of a semiconductor. The surface imposes a boundary condition on the diffusion current as carriers cannot go beyond the semiconductor-air surface. The boundary condition constrains carriers to diffuse into the bulk semiconductor. Different diffusivities of holes and electrons create a net dipole oriented parallel to the surface normal of the material. Carrier diffusion occurs within a picosecond time scale with the rate of change of the diffusion current governing the terahertz emission [2] [3] [4] . THz emission using the photo-Dember effect can be optimised by orienting the semiconductor surface at 45 • or using strong magnetic fields to change the dipole orientation [5] [6] [7] . The photo-Dember effect is distinct from the surface field effect [8] where a drift current is caused by pinning the Fermi energy to the surface of the semiconductor.
The surface boundary imposed on the diffusion current creates the dipole in the normal photo-Dember effect. In the lateral photo-Dember (LPD) effect a radiative terahertz dipole is created by partially masking the semiconductor surface with a metal layer. By focussing an ultrafast laser, with above band-gap energy, on the metal-semiconductor boundary a spatially asymmetrical distribution of carriers forms near the metal-semiconductor interface [9, 10] . Such a device gives intense THz emission as observed by [10] [11] [12] [13] [14] . The terahertz emission has been attributed to an asymmetrical diffusion current due to the initial asymmetrical carrier distribution. However, we have investigated this argument and demonstrated that an asymmetrical carrier distribution results in no net lateral diffusion current [9, 14] . An asymmetric carrier distribution results in quadrupole emission with no emission detected in the direction of the detector. We have explained the detected terahertz emission by taking into account dipole quenching that occurs near the metal mask [9, 14] . Dipoles formed under the metal are quenched due to destructive interference from the reflection from the metal mask [15] . Dipoles formed elsewhere are free to radiate and it is these radiative dipoles that are responsible for the detected terahertz emission. We have supported this argument with finite element modelling and found the results in agreement with the signal polarity of our measurements [9, 14] , which is opposite to the polarity predicted in [10] . The resulting THz pulses in the LPD effect have higher bandwidth compared with photoconductive antenna structures, but approximately an order of magnitude less output power [10] .
Terahertz emission from the LPD effect is expected to be affected by the difference in mobilities of the carriers and carrier lifetime. Carrier mobility defines the strength of the created dipole; carrier lifetime affects the saturation fluence and the decay of the photocurrent [16] . We present measurements of the THz emission of LPD emitters based on semi-insulating (SI) GaAs, unannealed low temperature grown (LTG) GaAs and annealed LTG GaAs. We obtain saturation data which demonstrate the greatest THz emission signal for unannealed LTG GaAs due to a high saturation fluence. The annealed LTG GaAs based LPD emitter shows greater efficiency in THz generation at low fluences and exhibits a lower saturation fluence that is attributed to the longer carrier lifetime. The annealed LTG GaAs emitter also shows a changing shape of the time domain scan and a variation of THz pulse power with fluence that indicates a change in carrier dynamics with fluence. We attribute this to saturation of the defect states which has been shown to increase carrier lifetimes in annealed LTG GaAs [17] [18] [19] . SI-GaAs demonstrates the lowest saturation fluence and a flip in signal polarity in the time domain electric field as the optical fluence increases. We attribute the flip in signal polarity to band bending of the Schottky barrier between the gold and the semiconductor [20] . We confirm this by fabricating an identical emitter with an insulating layer demonstrating no flip in signal polarity. Optical polarisation affects LPD emitter performance, with peak THz emission occurring at perpendicular polarisation relative to the semiconductor-metal boundary. This polarisation dependency has similar behaviour to that observed in photoconductive antennas [21] . We explain the polarisation dependency with a finite element simulation of the electric field of the optical pulse for different polarisations under the LPD metal mask.
Fitting model
To determine the fluence at which saturation occurs a one dimensional model based on the LPD emitter geometry was created. Taking the geometry of the emitter into account results in a better fit compared with the model used in [14, 22, 23] . In the LPD effect the total diffusion current A laser pulse, shown in red, illuminates the edge of the LPD emitter causing carriers to be generated along the boundary as a function of fluence, with the carrier density defined as n(p, c, Φ sat , x), shown in green. The carrier density saturates at an optical fluence of Φ sat . The co-ordinate scheme shown is common to Figs. 3, 4 and 5 that will contribute to the THz emission is proportional to the difference of carrier concentration on the metal edge, where it is highest, to the edge of the optical spot furthest away from the metal edge, where it is zero. Thus we assume that the diffusion current is proportional to the carrier concentration N only along the metal boundary, shown as the green region in Fig. 1 . We assume that the terahertz emission is proportional to the rate of change of current which is proportional to the maximum carrier concentration on the boundary. In our model we assume that the number of carriers generated is proportional to the fluence, Φ, of the beam up to a maximum value of Φ sat shown in Fig. 1 . The fluence Φ of the pump beam with average power p and radius c can be spatially described as a Gaussian function, and so the fluence along the border for a centred beam spot is
This function is shown in Fig. 1 in red. It is assumed that the carrier density n is proportional to the fluence which is saturated at Φ sat . This creates a Gaussian distribution of carrier density that is restricted at Φ sat within the range of x sat and −x sat , shown in Fig. 1 , which is
The integration of this function represents the sum of carriers along the boundary, N, and is shown in the green region in figure Fig. 1 . The integration of expression 2 can be shown to be
where R is the real part of the function. Since we assume E THz is proportional to N, equation 3 is the term fitted to our results to determine Φ sat , where E THz is the spectral power. Power and spot size are determined by the experiment, therefore the only parameter to fit is the saturation fluence.
Experimental details
To observe the effect of varying pump fluence on output THz emission a typical THz-TDS apparatus was used with a range of LPD emitters patterned on unannealed LTG GaAs, annealed LTG GaAs and SI-GaAs. A 80 MHz repetition rate Ti:Sapphire laser at 800 nm wavelength, pulse duration <100 fs, was used as the beam source with a commercial LTG GaAs (Menlo Tera T8) antenna used as a receiver. All LPD emitters were grown on (100) cut SI-GaAs substrate. The LTG GaAs LPD emitters consist of a 1 µm layer of LTG GaAs grown at 230 • C on a 100 nm AlAs layer on a SI-GaAs substrate. One of the two emitters was annealed, post-growth, at 600 • C. Each sample was partially masked by gold to form a boundary between the gold and semiconductor, such an interface forms a LPD emitter. Varying the pump beam power and beam radius (defined as 1/e 2 of the peak intensity) allows the optical fluence to be changed. The laser beam was found to be spatially Gaussian in shape, we created different spot sizes by moving the 12.7 mm focal length achromatic doublet focusing lens. We determined the divergence of the beam with knife-edge measurements to determine the width of the Gaussian beam at different lens positions. The power of the terahertz pulse was determined by calculating the spectral power of the pulse, defined as the sum of the real part of the Fourier transform of the time-domain terahertz pulse.
Results

Fluence dependency
The results of unannealed LTG GaAs, output THz power as a function of optical fluence are shown in Fig. 2(a) . The LPD emitter based on unannealed LTG GaAs demonstrates a linear relationship between output THz power. Fitting equation 3 to the data gives an average value of Φ sat = 1.1 ± 0.1 mJ cm −2 . This fluence is above the damage threshold for GaAs, demonstrating a lack of observable saturation within the measured data. Of the set of materials tested, unannealed LTG GaAs demonstrates the highest output power with optical fluence. However, it is the least efficient at low optical fluences compared to SI and annealed GaAs. We believe that this observed saturation is due to thermal damage from the optical beam as damage was observed on the gold mask. As the number of trap states in unannealed LTG GaAs are of the order of 5 × 10 19 cm −2 they are greater than the number of carriers generated [24] . Most carriers are captured from the trap states and this reservoir of carriers is not depleted. Therefore, the reason that unannealed LTG GaAs exhibits higher saturation fluence in relation to the other materials is its short carrier lifetime due to the trap states, of approximately 100 fs which is comparable to the optical pulse temporal width. Annealed LTG GaAs is frequently used as a photoconductive terahertz emitter due to subpicosecond carrier lifetime and higher dark resistivity as these are ideal qualities in a photoconductive switch. Unannealed LTG GaAs suffers from low dark resistivity due to conduction from excess arsenic and charge saturation and conduction from the EL2 band [25] [26] [27] [28] . Annealing the samples at high temperatures (600 • C) creates precipitates from the excess arsenic [29] . Annealing increases the resistivity but increases the carrier lifetime [26] . The resistivity of LTG GaAs increases by five orders of magnitude when annealed at 600 • C but carrier lifetime is increased from 90 fs to 1.6 ps [30].
The results of annealed LTG GaAs, output THz power as a function of optical fluence are shown in Fig. 2(b) . The annealed LTG GaAs LPD emitter demonstrates two distinct regions of fluence dependence as shown in Fig. 2(b) . This behavior is not compatible with our model description and so equation 3 does not fit Fig. 2(b) . For fluences less than 3 µJ cm −2 , the emitter shows signs of saturation with decreasing gradient for spot radii 60 µm and 75 µm. Within this fluence region the output THz power is greater than that of unannealed LTG GaAs and SI-GaAs, demonstrating that the annealed LTG GaAs emitter shows greater efficiency at low fluences. In Fig. 2(b) the gradient of the THz power increases past this fluence region. The time domain signal changes between the two regions as shown in Fig. 2(d) . At 1 µJ cm −2 the electric field of the time domain terahertz pulse increases linearly from 3 to 6 ps, whereas above 10 µJ cm −2 the electric field decreases and rises between 3 and 6 ps, as shown in Fig. 2(d) . Annealing the sample reduces the total number of trap states to 10 18 cm −2 [31], comparable to the number of excited free carriers. The change in carrier dynamics within annealed LTG GaAs with fluence has been observed with THz-TDS due to trap saturation [17] ; this variation of carrier lifetime with fluence is compatible with the change of the time domain signal seen in our measurements. At low optical fluences, where the number of trap states is greater than the number of excited carriers, carrier lifetime is determined by the capture rate from the conduction band to trap states. As optical fluence increases, the trap states become fully occupied with carriers and the trap rate is decreased and becomes dependent on the recombination time from the trap state to the valence band. Increasing the optical fluence increases the recombination time of the carriers which affects the time domain past 3 ps, as shown in Fig. 2(d) . In the rate equations described in Sosnowski et al. [17] when saturation is reached more optical light is used to generate free carriers. Since we expect the THz signal to be proportional to the number of free carriers, this also explains the abrupt change in pulse power shown in Fig. 2(b) at fluence 10 µJ cm −2 . The thickness of the grown material for both LTG GaAs samples allows for a non-negligible amount of optical power to reach the SI-GaAs substrate, however the THz emission from SI-GaAs is small compared with both LTG GaAs samples and does not affect the results significantly.
The results of SI-GaAs, output THz power as a function of optical fluence are shown in Fig. 2(c) . The SI-GaAs LPD emitter produces less powerful terahertz emission than either annealed or unannealed LTG GaAs. It is expected that SI-GaAs has a lower saturation fluence due to longer carrier lifetime. The output power is less than half that of unannealed LTG GaAs as shown in Fig. 2(a) . SI-GaAs based LPD emitters exhibit a point of inflection at 15.5 ± 3 µJ cm −2 as shown in Fig. 2(c) . Beyond this fluence the output power of the emitter decreases and the polarity of the pulse inverts. The flip in signal polarity depends strongly on the optical beam position relative to the semiconductor-metal interface. Figure 3(a) and (b) shows that this effect is only observable within ±20 µm of the semiconductor-metal boundary, whereas LPD emission occurs over 100 µm. The set of time-domain scans in Figs. 3(a) and (b) use an optical spot radius of 15 µm and 290 mW optical power, yielding a fluence of 506 µJ cm −2 . Figure 3 The decrease and inversion of the polarity is attributed to a competing THz emission mechanism that dominates the LPD effect in SI-GaAs samples at fluences greater than 300 µJ cm −2 . This competing effect causes fluence dependence above Φ sat , as shown in 2(c), to decrease rapidly. Thus the value determined for Φ sat is determined not only by the intrinsic carrier saturation but also by the relative strength of the competing generation mechanism. Fluence dependent terahertz polarity inversion from gold-GaAs interfaces has been previously observed [32] . By fabricating an emitter with an insulating polyimide layer between the metal and semiconductor we were able to demonstrate THz emission from SI-GaAs and unannealed LTG GaAs without loss of performance; the results for the LTG GaAs are shown in Fig. 3(c) . This shows that the LPD emission mechanism is dominated by carrier diffusion instead of THz emission from a Schottky barrier. No flip in the signal polarity was observed for the SI-GaAs sample with the insulating layer for fluences above 100 µJ cm −2 , showing that the competing terahertz generation mechanism is emission due to the metal-semiconductor interface. The change in polarity can be explained due to the reversal of the electric field within the depletion layer at the metal-semiconductor contact [20] . At low fluences electrons diffuse from the metal interface to the semiconductor, but at high carrier concentrations the current reverses due to band bending caused by the increased carrier density and the lower Fermi energy in the metal [20] . Figure 3(b) shows the polarity inversion occurring within a region smaller than the spot radius. We attribute this behaviour to the spatial resolution of the time domain scans determined by the width of the depletion region. The performance of LPD emitters depends on pump polarisation relative to the gold mask. A variation of THz output power with polarisation relative to the gold boundary was observed, as shown in Fig. 4(b) . Peak output occurs with perpendicular optical polarisation. Photoconductive antennas demonstrate similar polarisation dependence, with increased output occurring with perpendicularly polarised light [21] . The increased terahertz output is attributed to an enhancement in the optical field close to the gold mask. This optical enhancement occurs within the sub-wavelength region for perpendicularly polarised light and has been calculated initially in [33] . Within photo-conductive emitters an enhancement of the electrical field exists ∼ 200 nm away from the anode [34, 35] . By creating an enhanced optical field near the anode more carriers are formed near the anode which experiences an enhancement in terahertz output. We simulated the enhanced local optical field created by a LPD emitter with COMSOL. The model simulated the normalised electric field for a plane EM wave, wavelength of 800 nm, partially masked by a gold sheet, shown in Fig. 5 . Figure 5(c) shows the calculated electric field at the surface of the semiconductor, showing an enhancement in the optical field within the range of 200 nm of the gold boundary for perpendicular polarisation, demonstrating the predicted local field enhancement.
LPD emission also benefits from the enhanced optical field near the gold mask. The perpendicular optical polarisation forms a higher concentration of carriers at the metal boundary. The net diffusion current away from the metal mask is proportional to the difference between the carrier densities at the boundary and furthest from the boundary. The peak in carrier concentration caused by the local enhancement at 0 µm in Fig. 5 (c) causes a higher net diffusion current away from the boundary. The increased diffusion away from the boundary creates a greater radiative dipole leading to greater LPD emission for perpendicularly polarised light.
Varying the optical polarisation also affects the fluence at which the time domain signal polarity flips. The lowest fluence required to flip the signal polarity occurs for perpendicularly polarised light. This behaviour can be explained by the increased carrier density near the metalsemiconductor interface created by the perpendicular polarisation. Due to the local optical field enhancement, more carriers are created close to the gold boundary for perpendicular polarised light. As more carriers are created within the depletion region, the current reversal as described in [20] is greater at lower fluences causing the band bending to occur at lower fluences.
Conclusion
We have characterised THz performance from LPD emitters for unannealed and annealed LTG GaAs and SI-GaAs. Annealed LTG GaAs has shown complex carrier dynamics owing to saturation of trap states, but further experiments are needed to understand the dynamics of the emitter where the carrier lifetime is measured as a function of fluence. Unannealed LTG GaAs demonstrated the highest saturation fluence and we conclude that for the best performance in LPD emitters annealing the sample is not required and reduces performance, resulting in a simpler fabrication process for future emitters. In the SI-GaAs sample we have shown that, as for photoconductive antennas, efficiency is increased for perpendicularly polarised light due to the increased carrier density near the gold edge. The same polarisation dependence has been observed for the annealed and unannealed LTG GaAs samples. The SI-GaAs emitter exhibits a flip in signal polarity with increasing fluence that is attributed to the Schottky contact. The Schottky THz emission from the depletion region in the metal-semiconductor boundary competes with the LPD effect. To demonstrate that the polarity flip is originating from the field of the metal-semiconductor contact we have shown that the effect can be eliminated by fabricating an emitter with an insulating layer between the metal and semiconductor.
